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STATIC AND DYNAMIC PERFORMANCE OF MICROPOWER TRANSISTOR
LINEAR AMPLIFIERS

R. A. GiLion, 0. lItZaJ., W. Kiss and J. D. Meiudl

DbA -TASK _#1G;622O01AO 5602

ABSTRACT

Silicon planar transistors which exhibit junction reverse currents
smaller than 10 "9 amperes and common emitter current transfer ratios
greater than 50 for collector currents of 10-6 amperes are now available.
An optimum design technique for the application of these devices in linear
broadband amplifiers has been devised. A salient feature of this technique
is that it provides a unified approach to the DC and large-signal AC design of
a micropower amplifier. Subject to initial constraints, the design technique:
(I) provides a specified amplifier output power capability over a wide tem-
perature range, (2) minimizes amplifier power drain, and (3) maximizes
amplifier power gain. With slight modification, the optimum design technique
also serves as the basis for a worst case design procedure for linear ampli-
fiers considering transistor and resistor tolerance margins. The frequency
response of micropower amplifiers can be accurately predicted on the basis
of a unilateralized hybrid pi transistor equivalent circuit. Amplifier band-
width may be significantly enhanced by means of a cascode circuit. Using
a simple thermistor temperature compensation technique, micropower
amplifiers have been designed whose gain and terminal impedances are
virtually insensitive to large temperature changes.

A common emitter broadband micropower amplifier operating from a
three-volt supply with load and source impedances of 5x10 4 ohms can provide
a 0. 18-v peak AC load voltage over the temperature range -50 4 T t 100oC for
a power drain of 23xl0 - 6 w and a power gain of 25 db. If the peak load volt-
age capability is reduced to 0. 15 v, this amplifier can accept 10% worst case
tolerance margins on all circuit resistors. Depending on transistor barrier
capacitances and stray circuit capacitances, amplifier bandwidths vary from
about 7 KC to 25 KC with two-to five-time increases possible in the cascode
circuit. Further improvements in bandwidth are readily available for larger
operating powers.

U. S. A3M ELECTRONICS RESEARCH AD DEVELOPM T LA0RARES
FOR MOlMOU , NEW JERSEr
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STATIC AND DYNAMIC PERFORMANCE OF MICROPOWER TRANSISTOR
LINEAR AMPLIFIERS

INTRODUCTION

Recent advances in semiconductor device technology have produced
silicon planar transistors which exhibit junction reverse currents less than
one nanoampere and common emitter current gains greater than 50 for
collector currents of 1 to 10 microamperes. This collector current range
is about three orders of magnitude smaller than the normal milliampere
operating current range for low power silicon transistors. Because of their
ultra low level operational capabilities, "micropower" transistors are of
general interest in microelectronics and among their possible applications
offer a potential solution to the troublesome problem of battery power drain
in portable military communications equipment. The purpose of this report
is to describe the results of a feasibility study of the application of micro-
power transistors in linear communications circuits.

The discussion is divided into three sections. The first section
describes the salient characteristics of micropower transistors for the
common emitter mode, including the static base and collector character-
istics and the small signal fourpole parameters and equivalent circuit.
The second section describes an optimum design theory for linear broad-
band micropower amplifiers which provides a unified and worst case treat-
ment of the DC and large signal AC design of an amplifier, an analysis of
small signal behavior, and an AC temperature compensation technique. A
linear broadband amplifier is considered since it is the most widely en-
countered generic communications circuit. The third section of the discus-
sion describes the overall performance of broadband micropower amplifiers,
including their effective large signal mode of operation, frequency response,
temperature behavior and the influence of key design parameters on amplifier
performance.



SECTION 1 - TRANSISTOR CHARACTERIZATION

The purpose of this section is to present characterization data for six
typical diffused silicon micropower transistors providing useful information
for device applications in linear communications circuits. The devices
described include three NPN planar transistors (devices, A, B, and C), an
NPN planar epitaxial transistor (device D), an NPN mesa transistor (device
0,, and a PNP planar transistor (device F) each of which is supplied by.a dif-
ferent manufacturer. In Part 1 of the section, the static transistor character-
istics are reviewed, and in Part 2 the small signal AC characteristics are
considered.

Part 1 - DC Characteristics

Figure 1 displays collector characteristic curves for a typical micro-
power device for representative operating conditions in the common emitter
configuration. In their general appearance, these collector characteristics
closely resemble the familiar transistor behavior for the milliampere range
of operation. Although not strikingly displayed by the curves of Figure 1,
two mild departures from mnilliampere characteristics are the lower satura-
tion voltage and the lack of the usual flatness in the active region. In addition,
the current transfer characteristics, IC versus IB curves with VCE held
constant, are relatively nonlinear due to the rapid increase of hFE with IC
in the microampere range.

Figure 2 displays typical base-emitter characteristics for the micro-
power range. It is evident that the general features of the input behavior
are similar to those of the normal milliampere collector current range. In
essence, Figure 2 illustrates the reason micropower device voltage levels
cannot be materially reduced below normal device voltages, although current
levels are 103 times smaller. The familiar exponential relationship1 between
current and voltage for a semiconductor junction:

I = Is [ exp ( F) -1 101)

where I s = junction reverse saturation current; q = electronic charge =

1. 60 x 10-19 coulombs, k = Boltzmann's constant = 1.38 x 10 - 23 joules/ 0 K
and T = temperature in OK, permits orders of magnitude change in junction
current I for small percentage changes in applied voltage V.

At room temperature junction reverse currents below one nanoampere
are common for low power silicon planar transistors. Many devices can be
found which exhibit a collector-to-base leakage current ICBO less than 0. 1
microampere at 150 0 C. However, at this time the majority of commercial
specifications for micropower transistors quote a maximum value for ICBO
at 1500C in excess of 1. 0 ta for collector voltages of 40 v or more. In these
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devices at temperatures above 100 0 C, ICBO can become significant compared
to base current IB , if not collector current IC , for collector currents in the
1 to 10,& a range. Conservative design practice requires that ICBO be con-
sidered in the design of the base bias network for a high temperature
mic ropowe r amplifier.

A typical characteristic of silicon micropower transistors is a common
emitter current gain hFE which is more temperature sensitive for collector
currents of 1 to 10,.a than for 1 to 10 ma collector currents. Figure 3
shows the temperature variation of hE for IC = 10.ta. corrected for ICBO ,

for a typical silicon micropower transistor. Here it is evident that more
than a four-time increase in hFE for -506 T 100 0 C occurs where at
IC = 1. 0 ma a three-to-one variation is more typical. This enlarged varia.
tion of hFE can be attributed to a shift with current level in the relative
importance of the various mechanisms which contribute to the base current
in a silicon planar transistor. At low current levels the base current is
dominated by surface currents which originate at the surface edge of the

2emitter

The maximum allowable device power dissipation and breakdown
voltages for micropower transistors are far in excess of the requirements
of typical micropower amplifiers. Maximum device ratings are generally
of small concern in micropower circuits. Table I shows a summary of the
salient DC characteristics of devices A through F.

Part 2 - AC Characteristics

The variations with collector current of the small-signal low-frequency
common emitter fourpole parameters, hle = hie and hgle = hfe, of a typical
micropower transistor are shown by Figure 4.. These measurements clearly
indicate the drastic changes which occur in the values of the input impedance
hlle and forward current transfer ratio h2le as quiescent collector current
is reduced. Table I indicates the marked temperature behavior of the micro-
power parameters hll e and h2le. Typical values for the reverse voltage
transfer ratio hle = hre and the output admittance hZ2e = hoe for micro-
power transistors are indicated at the bottom of Table I; hl2e and hZ2e can
generally be neglected in linear micropower circuit analysis.

The frequency behavior of a micropower transistor for the common
emitter mode is most conveniently described by the hybrid pi equivalent
circuit. However, the frequency behavior of the forward current transfer
ratio or current gain h2le is often of special interest. A typical family of
measured frequency response curves for h2le is illustrated in Figure 5.

The familiar 6 db/octave roll-off is evident. In addition, it is apparent that
the gain-bandwidth product for this typical device increases directly with
collector current. Table I gives additional data on the frequency behavior of
h2Ie in terms of f3db and fT"
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The common emitter hybrid pi equivalent circuit 3 for a micropower
transistor is shown in Figure 6. From an ultra-high frequency immittance
bridge measurement, the base spreading resistance of a typical micropower
device is rb , ' 50SI and does not vary significantly for 104a4IC 15. 1.0 ma.
From audio frequency voltage measurements at room temperature, the com-
mon emitter diffusion resistance rble=hlle'z2OO, 000 2 for IC - 10 xa.
The calculated value is

(1.02)

rrb+ h h kT 0.026 = 192,000Non
0be = b hfe r.hfe IE

where Of ozhfb 2 hZI- is the ccrnrnon base small-signal low-frequency
current gain, r- al h.b is the common base diffusion resistance, T = 300 0 K
and IC ! E = 10;" a. The base-to-emitter capacitance Cble is composed of
the diffusion capacitance CD and the emitter barrier capacitance CTe. That
is

Cbe = CD + CTe (1.03)

where for homogeneous base transistors

2
C qI.E W 2(.4

CD kT (1. 04)

where W = the electrical base width and D = the minority carrier diffusion
constant. For graded base devices CD is also directly proportional to IE .
From high-frequency capacitance bridge measurements, the diffusion capaci-
tance for a typical micropower transistor was measured as CD2Z 7 . 2 pico-
farads for IC = 1.0 ma. Therefore, on the basis of (1.04) one would predict
CD = 0. 272 pf for IC = 10.'-a. The typical curves of junction capacitance
versus voltage given by Figure 7 indicate that CTe it 20 pf for a forward
base bias which produces IC = 10,"a. Here it is obvious that the diffusion
capacitance CD is apparently much less than the emitter barrier capacitance
CTe. CD may be neglected in the micropower transistor equivalent circuit
with no significant loss of accuracy for collector currents less than about
l0/. a. The data of Table I provide further support for this simplification.
The collector capacitance CC is composed virtually entirely of the collector
junction capacitance with a negligible contribution from collector diffusion
capacitance. Figure 7 indicates the typical variations of the emitter junction
capacitance CTe as well as CC with applied bias voltage and temperature.
The collector current generator has the usual value:

( 0

grmvbWe = r- Vbl e  (1.05)

As a check on the accuracy of the proposed equivalent circuit, one may
calculate from Figure 6:
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1 ~e ( 0o/  (1.06)1+j4) rble [ CTe+Cc+Cs)

and for the cut-off frequency

1
f3db ZITrble(CTe+Cc+Cs) (1.07)

where Cs represents 0. 70 pf of transistor stray capacitance including 0. 10 pf
of stray base-to-emitter header capacitance and 0. 60 pf stray collector-to-
base header capacitance. For Ic = 10A. a, rble = 200,0001., CTe = 22 pf
and CC = 7 pf (1. 07) gives f3db = 26.8 KC. This compares favorably with
the measured value of 25 KC, corrected for stray jig capacitance, given by
Figure 5. In many applications, the equivalent circuit of Figure 6 may be
simplified by neglecting the base spreading resistance rb ,-v 50Q since
rbe. < rble _ 200, 000,Qfor Ic!E 10A a and rb , << j W CTel '-- 500SI for
f * 10 MC. A common figure of merit for a transistor is the gain-bandwidth
product given by:

do 1 Jq' IC
(JT=hfe&3db - -o rb1e(CTe+CC+Cs) i. 08)

From (1,08) it is evident that power dissipation may be traded for gain-

bandwidth product by increasing IC . In addition, the transistor barrier
capacitances, CTe and CC, and stray capacitance C s should be as small
as possible for a large gain-bandwidth product. The capacitance of a linearly
graded junction may be expressed as

(qa 2J 1/3

CA 2fv J] (1.09)

where A is the junction area, q is the electronic charge, a is the slope of the
linear impurity gradient, E is the material dielectric constant andivj is the
absolute magnitude of the sum of the junction equilibrium potential difference
and the applied voltage. Here it is evident that q is a fundamental constant,
( is a material constant, v is virtually constant as described in connection
with (1. 01) and that allowable decreases in a are largely ineffective in re-
ducing C. Obviously, the principal path open to reducing junction barrier
capacitance C, in order to increase the gain-bandwidth product of micro-
power transistors, is to reduce junction area A. For a given IC, this of
course entails an increase in the current density in the device.
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SECTION 2 - DESIGN THEORY

The schematic diagram of a typical broadband micropower amplifier is
shown in Figure 8. Among the more common constraints which must be ob-
served in the design of this amplifier are: 1) The supply voltage VCC is fixed.
2) The load impedance RL is specified. 3) The peak AC output voltage VL is
specified. 4) The operating temperature range Ty!__Tt-_Tx is fixed. 5) The
DC power consumption of the amplifier PD should be as small as possible.
6) The amplifier bandwidth W 3db is specified. Assuming the foregoing con-
straints on the design of a micropower amplifier, several problems arise
which are far less severe or even nonexistent at normal milliwatt power
levels in silicon transistor linear circuits. With regard to DC operation,
transistor bias point stabilization becomes more difficult due to three factors:
1) At 1 to 10 microampere collector currents, collector junction reverse
current ICBO can become significant at temperatures above 100°C. 2) The
temperature variation of common emitter current gain hpF is comparatively
large; a five-to-one variation for -500C &T. 100 0C is not unusual. 3) The
effect of the temperature variation of base-emitter diode conductance gBE
becomes more difficult to counteract at the low battery voltages which usually
accompany microwatt power levels.

With regard to AC operation, a major concern derives from the fact
that microampere quiescent collector currents severely restrict the dynanic
range of an amplifier and effectively contribute to a large-signal mode of
operation. In this connection careful attention must be paid to the effects of
temperature as well as saturation and cut-off on the dynamic range of a
design. The influence of both transistor and passive component tolerances
assumes a greater importance in micropower amplifiers, particularly in
view of constraints 3) and 5). The lack of high-frequency response of cur-
rently available silicon transistors at microwatt power levels seriously
limits the bandwidth of micropower amplifiers. Finally, the relatively
large temperature variation of the AC parameters of a micropower transistor
tends to limit the AC temperature stability of micropower amplifiers. This
section outlines a design theory which has been found useful in deriving micro-
power amplifier designs which adequately satisfy the previously listed con-
straints. The section is divided into six parts which present the rudiments
of the design technique in Part 1. the cut-off and saturation off-set refine-
ments and the feedback refinement in Part 2, the worst case tolerance refine-
ment in Part 3, an analysis of amplifier small-signal AC characteristics in
Part 4, an AC temperature compensation technique in Part 5, and the design
and analysis of a cascode circuit with improved frequency response in Part 6.

Part I - Basic Design Theory

The DC load line (DC LL) of the micropower amplifier of Figure 8 is
given by

VCC = ICn RC + VCEn + VRIn (2. 01)
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at a nominal temperature Tn where VRln = IEnRIWICnRl. In orde. T ,.
vide the specified peak AC output voltage VL at Tn for a minimum DC pov'e

dissipation, the amplifier output leg must be designed so that the DC operating

point Qn bisects the AC load line (AC LL) given by

ICn = -(G C + GL) VCEn (Z. 02)

at Tn for Re = 0. Equation (2. 02) represents the AC LL in the DC collector
characteristics (Ic, VCE) plane. Although it is properly an AC equation, it
is convenient to write it in terms of DC quantities in formulating the design
theory. This technique will be used throughout this section.

The locus of all AC load line midpoints is given by 4

ICn (GC + GL) VCEn . (Z. 03)

In (2. 02) and (2. 03), VCEn must be sufficient to accommodate the specified
peak AC output voltage VL. That is, neglecting for the moment the effects
of cut-off and saturation in the transistor

VCEn = VL = IL/GL (2. 04)

where IL is the peak AC output current. Substituting (Z. 04) into (2. 01) and
(2. 03) gives

Cn(Vcc - VL - VRI) (2. 05)
(VCC - 2 VL - VRln)

and R C  (Vcc - ZVL - VRln) (2. 06)VLGL

Given VRln, equations (2. 05) and (2. 06) define the smallest ICn and the
largest RC, respectively, which satisfy the initial design constraints on
VCC, RL and VL. This is advantageous since small I C tends to decrease
power dissipation PD and large RC tends to increase amplifier gain. The
proper selection of VRIn in (2. 05) and (2. 06) obviously constitutes a key
point in the design. VRln=ICnRl represents the DC feedback voltage which
must be used to stabilize the circuit against transistor DC parameter tem-
perature variations for the range TyS T * T x . A practical procedure is to
compute complete designs for several values of VRln and then choose the
one giving the desired values of AC power gain and DC power dissipation.
This procedure will be illustrated in Section 3.

From Figure 9 it is evident that because the quiescent point bisects
the AC load line at Tn, operating point drift will limit the output voltage
swing to values less than VL when T # Tn. A key feature of the present
design theory lies in regulating the DC operating point drift such that the
desired AC output voltage swings at the operating temperature limits
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(i. e., KyVL at Ty and KxVL at Tx with O< Ky, Kx4 1) are exactly accom-
modated. From Figure 9, it is apparent that

KyVL = ICy/GC+GL or ICy = KyVL(GC+GL) at Ty (2.07)

and KxVL = VCE x at T x  . (2.08)

(By selecting Ky = = 1/ ' for example, the AC power output capability
of the amplifier will be 3db below its nominal value at the operating tempera-
ture limits. Ty and Tx. of the amplifier. It might also be mentioned here
that if GL varies with temperature it should be reflected in the K values
which are selected in (Z. 07) and (2. 08).) The output leg DC equation at Ty,

VCEy = VCC - ICy fR 1 + RC) (2.09)

together with (2. 07) gives the operating point (ICy. VCEy) at Ty. The output
leg DC equation at T x ,

VCC -VCEX (2. 10)Icx = R1 + RC 2 0

together with (2. 08) gives (ICx. VCEx). It is evident here that the selection
of the factors Ky and Kx or the AC dynamic range stability of the amplifier
effectively determines its DC operating point stability.

To complete the design, the input leg must be considered. From
Figure 8,

VCC = (I B + I2) R 3 + I 2 R2  (2. 11)

and 0 = VBE + IER 1 - IZR 2  . (2. 12)

Writing (2. 11) and (2. 12) at both the operating temperature limits (Ty and Tx)
and solving the four resultant simultaneous equations yields

R? - LIEXR(2. 13)
VC C-IBxR 3 -VBExIExR1

VCC L (IEx-IEy)RI'(VBEy-VBE'x)j

and R3 - (IExIBy.IEyIBX)RI+(VBExIBy.VBEyIBx) (2. 14)

This procedure for determining R 2 and R 3 yields their largest allowable
values for the associated DC operating point stability and emitter resistance
R1 . This is accomplished due to the fact that IBy, IBx, VBEy and VBEx
in (2. 13) and (2. 14) effectively take into account the exact overall changes
in the transistor parameters ICBO , hFE and gBE for the temperature range
Ty- T ST x . The obvious advantages of large R2 and R 3 are smaller DC

8



power dissipation and larger AC power gain for the amplifier. At this point
it appears that a rudimentary design theory which satisfies the original con-
straints on VCC, RL, VL, T and PD has been established.

Part 2 - Saturation, Cut-off and Feedback Refinements

At the relatively low supply and quiescent collector voltage levels
associated with battery operated micropower circuits, saturation effects in
the transistor may impose a serious limitation on output voltage swing. In
addition the monotonic fall-off of current gain hFE with decreasing collector
current restricts the AC swing in the low current cut-off region. The distor-
tion caused by these two effects as well as the bandwidth of the amplifier can
be improved by providing negative feedback through the emitter resistor Re
(Figure 8). The procedure for quantitative consideration of saturation, cut-
off and feedback will now be outlined.

The AC LL equation in the DC collector characteristics plane may be
written as

- ICnVCEn - GC+GL VRen (2. 15)

where VRen is the AC feedback voltage. Considering feedback only, the
locus of AC LL midpoints is given by

Cn +v (2. 16)VCEn -GC+GL Ren

A simple translation of coordinate axes facilitates the desired inclusion of
saturation and cut-off effects in (2. 16) (see Figure 10).

VCEn- V o  ICn o +VRen (2. 17)
GC + GL

with VRen = (IEn-lo) Rez (ICn-Io)Re gives the locus of AC LL midpoints
considering the saturation Vo and cut-off Io offsets. The quiescent collector
voltage required to accommodate a peak output voltage VL is

VCEn = V L + VRen + V o • (2. 18)

Substituting (Z. 18) into (2. 01) and (2. 17), one may solve for

VcC-VL-VRn-VRen-Vo
ICn = VCCZVLVRlnVRenVo (VLGL+Io) (2. 19)

VCC-ZVL-VRln-VRen-V o
and RC = (VLGL+Io) (2.20)

9



In (2. 19) and (2. 20), the values of the DC feedback voltage VR1n, the AC
feedback voltage VRen, and the saturation Vo and cut-off Io offsets may be
judiciously selected to satisfy the overall design constraints of a particular
application.

The AC output voltage swing is given by
KyV Y= Iy-°or

K yVL = or ICy = KyVL(GC+GL) + I o at T (2.21)GC+G L

and KxV L  VCEx - Vo KxVRen or

VCEx = Kx(VL + VRen) + Vo at T x  (2.22)

Equations (2. 09) and (2. 21) give the DC operating point (ICy, VCEy) at Ty-
while (Z. 10) and (2. 22) give the operating point (ICx, VCEx) at T x . The
design of the input leg of the amplifier proceeds as described by (2. 11)
through (2. 14).

Part 3 - Worst Case Tolerance Refinement

Considerable attention has been given to "worst case" design techniques
which assure reliable circuit designs for specified component tolerance
margins particularly for digital logic circuits 6 . While the effects of com-
ponent tolerances are generally much more severe in linear circuits than in
digital circuits, apparently, practical analytical techniques for worst case
design of linear circuits are not in wide use at this time. It is felt that the
demonstration of a straightforward worst case design theory for linear
circuits may be of general value and is certainly of particular value in assur-
ing that the already minimal dynamic range of a micropower amplifier is
preserved in the face of component tolerances. In the case of broadband
micropower amplifiers, the critical function of a worst case design technique
is to insure that the worst possible combination of component tolerances
will not result in ICy less than

ICy = KyVL (I/RC + i/RL) + I o  (2. 23)

from (2. 21) and VCEx less than

V.CEx = Kx (VL + VRen) + Vo  (2. 24)

from (2. 22). (The symbolism ICy denotes the minimum value of the quantity
ICy while ICy denotes its maximum value.)

Table II shows the worst case tolerances for the transistor, the biasing
resistors and the supply voltage. From Table II and (2. 09) it is evident that
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VCEy = Vcc --ICy (Rl + Kc) (2. 25).

gives the value of VCEy which accompanies iCy of (2. 23). Also from (2. 10)

ICx VC Vc- CEx
_ + Rc

gives the value of ICx which accompanies YCEx of (Z. 24). From Table II
and (2. 11) and (Z. 12)

Vcc = (By + IZy) R 3 + IZy 12 (2. 27)

0 = VBEy + IEyR1 - IzyRz (2.28)

and TY and

Vcc = (jSx + 12x) _R3 + IZx R2  (Z. 29)

0 = VBEx + IEX R, IZx RZ (Z. 30)

at T x yield the values for R 2 and R 3 given in Appendix 1. In (Z. 27) through
(2. 30), R 1 = R 1 (i+f R), RI = R 1 (- SR), VCC = VCC (1-,&v) , and so forth
where, for example, R = 0.05 for a ±5% resistor tolerance margin. Also,

IBy indicates the largest transistor IB at Ty considering both temperature
effects and manufacturing and aging tolerances. The solutions to (2. 27)
through (2. 30) give the nominal values of RZ and R3 which insure that ICy
and VCEx will not be less than the required values for the specified dynamic
range, KyVL at Ty and KxVL at T_, for the worst combination of tolerances
which may arise. This design procedure may be applied to temperature,
manufacturing and aging tolerances for all circuit elements including the
transistor, the resistors, and the supply voltage.

Part 4 - Amplifier AC Characteristics

The purpose of Part 4 is to present an analysis of the small-signal AC
characteristics of broadband amplifiers operating at microwatt power levels.
A fourpole network approach as well as an equivalent circuit approach to the
AC analysis will be outlined.

From Figure 11, using the familiar low-frequency fourpole "h" para-
meters to describe the transistor gives

V= HI Iil + H 1 2 v2

(2. 3 1)
and i2 = H2 I i1 +HZ z

II



where the approximate overall amplifier "H" parameters are given by
Table III. (The exact values are listed in reference 7.) The amplifier H
parameters are immediately useful in defining the gain and terminal. imped-
ances which are specified in Table IV. The H parameter characterization
of the amplifier is valid, of course, only in the midband region.

In order to calculate the frequency response of a broadband micropower
amplifier, it is convenient to utilize the hybrid pi transistor equivalent circuit
previously developed in Section 1. Figure 12 shows the AC equivalent circuit
of a single stage micropower broadband amplifier for its medium and high
frequency ranges with Re = 0. In view of the device impedance levels dis-
cussed in Section 1, rb , will be assumed negligible. Following this assump-
tion, the principal question to be answered is whether or not the "Miller
effect" approximation 8 may be used to unilateralize.the amplifier*.

To determine this. an exact analysis of the circuit of Figure 12' under
the noncritical assumptions that Rg, R 2 3 O a. rbte and R C >. RL yields

rble
i-j _ Cc)

A 2 = hfe R (2. 32)
i il 1+j3j rbe Cbe+(l+hfe 7- +jj RLCbe)CC3

rb' e

A comparison of the breakpoints of this expression shows that for typical
micropower amplifiers an accurate approximation over the useful frequency
band of the amplifier is

i 2  1
h1l+jfrbe Cble+(1+hfe r ) CC (2.33)

Again under the noncritical assumptions Rg, R 2 3 > > rb'e and RC > > RL, an
exact analysis of the circuit of Figure 13 which employs the full Miller effect
approximation also yields the result expressed by (2. 33). Therefore, it
appears that the usual Miller effect approximation for unilateralizing broad-
band amplifiers remains valid for microwatt power levels.

"The principal value of the Miller effect approximation is that it permits
unilateralization of the amplifier with its accompanying simplification of the
analysis. Referring to Figure 12, to retain accuracy in making this approxi-
mation it is necessary that: 1) CC does not load the output generator

grVbe(i. e. , 1C R+R L  ) and 2) the direct transmission through

be small compared to gmVble . An additional requirem nt for accuracy if
the equivalent input capacitance of CC[ i.e., Cc(l+gm  

L  is shunted
R RT RC RL -i ~+L RCRL)

directly to ground is that Rc+ L-KC-+RL &RC+RL
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By dropping the simplifying assumptions for Rg, R2 3 , and RC, one

finds from Figure 13 neglecting Cces

i__ hf/ I+RL/RC (.34)

1l+rbe/K3+jj rb'e (Cble+Cb'es)+(1+ CfC)(234)
rbl e  RC+RL' C+Cs 1

1+rbIe/RZ3

3db hfe RCRL (2.35)
rb'e [(Cble+Cbtes)+(l+ rb,e RC+RL) (CCs) ]

For the voltage gain

AV2 - hfe (L/rb'e) (2. 36)
Av- v lI+RL/RC+j €.RLCces

where Cb~es, CCs, and Cces are the stray circuit capacitances in parallel

with Cble, CC and RL respectively. (The stray capacitances are not shown

on Figures 12 and 13.) From these equations,. the product of the midband

power gain and the effective bandwidth is, in absolute value,

hfe )z RL/rb e  (2.37)

(4~)M. ~i)M. B ~3db +RL/RC Lrl 2 7Wk 3db=_RC
M. M.B. rb ,e (Cbe+CbIes)+( + fe RCRL (CC+Cs)

rb,e RC+RL)

As s uming

hfe R C RL 1 RCRL

rbte RC+RL r( RC+RL be CC+C

-L. . B r, (Cc+CCs) I+RL/RC

(2. 38)
q Icor G 41 3dbx

3dbkT (Cc+CCs) I+RL/RC

An examination of (2. 38) indicates the gain-bandwidth product of a common

emitter micropower amplifier can be improved by increasing the transistor

collector current IC, which increases power dissipation, and decreasing the

transistor collector-to-base barrier capacitance CC as well as the collector-

to-base circuit stray capacitance CCs. Since CC is usually of the order of 5

picofarads or less, the importance of, minimizing the stray circuit capacitance
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CCs in order to maximize gain-bandwidth product is quite clear. The fre-
quency response of the circuit of Figure 8 when Re 0 is indicated in
Appendix 2.

As an additional point of interest, the low frequency cut-off )LF of a
micropower amplifier which should be caused by CE will be calculated. From
Figures 8 and 13

ib R s  l+j&J RECE (Z.39)
ig Rs+rble CRs+rble±(hfe+1)RE]

g R s +rble E

RgR

where R s  Rg R23 givesg 23

1 Rs+rbfe+(hfe+l)RE

.LF RECE Rs+rbe

A final parameter which is useful in comparing the performance of
micropower amplifiers is given by'

F.M. - G3db (2.41)

- VBE+IER,

where PD = VCC [IE+2 V IE + R (2.42)

This quotient of gain-bandwidth product and power dissipation can be con-
sidered as a figure of merit, F. M. , for micropower amplifiers. In virtually
all instances, a major objective in the design of a broadband micropower
amplifier is to achieve a maximum gain and a specified bandwidth for a
minimum power dissipation. Therefore, (2. 41) defines a parameter whose
relative magnitude is a useful indication of the quality of a given micropower
amplifier design.

Part 5 - AC Temperature Compensation

Previous parts of this section have been concerned with DC and large-
signal AC stabilization of micropower transistor amplifiers. Specifically,
the DC operating point and the AC power output capability of an amplifier
have been stabilized against changes with temperature and manufacturing
tolerances in the transistor DC parameters ICBO , hFE and gBE, as well as
the values of the resistors R1, R 2 , R 3 and RC and the supply voltage VCC.
However, the large temperature variations which occur in the small-signal
fourpole h parameters of the transistor can give rise to large changes in the
small-signal terminal properties of a micropower amplifier. The purpose
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of Part 5 is to briefly outline a design theory4 which has been developed for
temperature compensation of the current gain, voltage gain, power gain,
input impedance and output impedance of micropower amplifiers.

In order to simplify the presentation of the AC temperature compensa-
tion technique, component manufacturing and aging tolerances will be neglect-
ed and only temperature effects will be considered. A convenient method for
handling the temperature changes is illustrated in Figure 14. The tempera-
ture factors or)' factors are used to describe the overall tem rature changes
in the resistor values and supply voltage (e.g., R1 a xT ) Since theRI- K at T y "amplifier H parameters determine its terminal properties, compensation

may be sought by imposing the requirements that

HI 1yHI1 x, Hzly=H2lx and HZZy=HZ2x . (Z. 43)

H 12 is neglected since its effect on circuit behavior at the low frequencies
considered here is negligible. Substituting the H parameter values listed in
Table III gives

(hlley+hzleyRe) R2 3  (hllex+hZlex?"eRe) ?' 2 3R 2 3  (2.44)

(hl ley+hzleyRe)+R23 (hl lex+hZlex )eRe)+ ? 23R23

(h 2 l)R 2 3  (h21ex) ' 2 3R23 (Z. 45)

(hlley+hzleyRe)+R23 (hl lex+hZlexleRe)+ ) 3  Z3

and 1/RC = 1/ )'cRc (2. 46)

where it has been assumed that )? 7= )3 = )'23. A most useful solution to
(Z. 44), (2. 45) and (2. 46) results from equating numerators and denominators.
From this

123 = hley/halex (2. 47)

Re 23RZ3"hlley requires k 2 3R 2 3 >hlley (2. 48)hZley

le = RZ3-hllex requires R23)hllex (2. 49)
R2 3 " h2 lex hlleyhZ ley

and k c 1  . (2. 50)

To simplify the circuit implementation, it is desirable to achieve ),e = 1 in

(2. 49) which requires that hllex- h lex . Since hlle --.hlehllb% hZle r
hiley h2-ley
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hkT

hZle -- , for ke = 1- the relationship

Tcx _ Tx+273

icy Ty+2 7 3  (2. 51)

must be satisfied. In effect, to achieve ' e = 1, the hl le and h 2 le tempera-
ture variations must track each other., This can be conveniently achieved by
controlling the DC collector current change with temperature. so that h l lb

kT
r2!- kT is constant. (As (2. 49) indicates, under the special condition

, 23 Z3 h 11., implementation may be further simplified by Re = 0. ) If one
then sefects -v = 1 and )E= 1, all temperature factors for the circuit are
specified with the result that only two temperature sensitive components,
R and R 3 , are required for the desired compensation. (&= 1 indicates
temperature invariance.) Furthermore, it is evident that both R2 and R 3
should exhibit the same temperature factor, ) 23.

From (2. 51) of the preceding paragraph, it is evident that the AC com-
pensation requirements influence the DC stability of the circuit. In this case
the output power capability constraint imposed in Part I must be treated
differently as indicated in Appendix 3.

Part 6-Cascode Amplifier

Among the broadband micropower amplifier design constraints listed
in the introductory portion of this section is the requirement for a specified
bandwidth bl3db. Equation (2. 35) of Part 4 indicates the value of (J 3db in
terms of AC circuit parameters. In practice for common emitter cascodes
the "Miller Effect" capacitance (+hfe RCRL ) (Cc+Ccs) largely

rbe R +RL

determines the value of 6) 3db via the multiplying effect of
hfe RRL :0> 1 on (CC+Ccs) . Therefore, presuming the smallest

rb, e RC+RL

practical value of (CC+CCs), if a particular micropower amplifier design
does not meet the specified U)3db, an expedient approach to this objective

is to reduce ICRL by increasing the current and power drain of the ampli-Rc+RL
fier. For example, in the common case where RL represents the input im-
pedance of the following stage, an increase in the collector current of the
following stage reduces RL and therefore RC by the design procedure of
Part 1. In this manner, one may trade power drain for bandwidth as well as
gain-bandwidth product as indicated in (2. 38).

A common-emitter, common-base cascode circuit which has been found
to be particularly effective in reducing the Miller Effect capacitance to pro-
duce significantly larger bandwidths for essentially the same power gain and
only a slight increase in power drain, compared with a single common
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emitter stage, is shown in Figure 15. Referring to the schematic diagram
of Part a of Figure 15, it is evident that T 1 and T 2 represent a direct
coupled common-emitter, common-base cascode. Cl and C4 serve as by-
pass capacitors. The AC equivalent circuit of this cascode is shown in
Part b of Figure 15. The stray collector-to-emitter capacitance of T2,
Cces2, is neglected since it is not significant within the useful frequency
range of the amplifier. An analysis of the AC equivalent circuit shows

(2. 52)

i2 (l+rb,el/R2+j W orble p) (/+Ceq)(3+RL/RC 2CRL)

Ordinarily, 1+rb,el/R23 I+RL/RC 1

rbtelCp RLCr r C

hfbZ=l and gmlr 2 -hfbl r1

so that (2. 52) gives

i_ - hfel/1+RL/RC (2.53)

il l+rb'el/R23+jrb'e1 [ (Cb'el+Cb'els)+2(CC l+CCsl)J

with W = l+rblel/R23 (2.54)h3db Wrb~el(Cbel+CbIels)+z(CCl+CCsl).

v 2  hfel(RL/rblel)
and -- _ e(2. 55)

Vl I+RL/Rc+jcjRL(Ccz+Ccs2 )

The similarity between the above equations and (2. 34), (2. 35) and (2. 36) is
immediately evident. The key result is that the Miller Effect multiplier has

hfe RC RL
been reduced from (1+ e RC+RL) , which often exceeds 20, to a value of 2.

This results in substantial increases in W3db while A i and Av are virtually
unchanged.

The approximate value of the bypass capacitor C4 may be calculated
from Figure 15. Since

Vbe2 I+( 1-hfbZ ) R + jej R 4 5 C 4

r( 2 +j f(245 4. 56)glbel Ij4R4C

where R45= R4 R 5

R,4+R 5
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1 1+(l-h 0 3 2 R45

4 - LF R45

where W"LF is given by (2. 40).

The circuit of Figure 15 is of sufficient interest as a broadband micro-
power amplifier that the remaining features of its design will now be outlined,
The DC equation for the output leg, analogous to (2. 01) is

VCC = ICZnRC+VCBZn+(VBEZn+VCEln+VRIn) (2. 58)

where VRln = IElnRjICnRl = IE2nRI ICZnRI

The AC LL, analogous to (2. 02), of T 2 is

IC2n = - (GC+GL) VCB2n . (2. 59)

Now, the locus of AC LL midpoints, analogous to (2. 03), of T 2 is

IC2n = (GC+GL) VCBZn (2. 60)

Since VCB2n = VL = IL/GL (2. 61)

analogous to (2. 04), substituting (2. 61) into (2. 58) and (2. 60) gives

On = VLGL fVcc-VL'(VBEZn+VCEln+VRIn)] (2.62)
L L VCCZVL_(VBE2n+VCEln+VRln)

]

_ VCC-2VL-(VBE2n+VCE ln+VR in))
and VLGL (2.63)

which are analogousto (2. 05) and (2. 06). In order to evaluate (2. 62) and
(2. 63), the quantity (VBEZn+VCEln+VRIn) must be assigned a value. Since

IL is known by assuming a minimum nominal operating temperature Tn, a
conservative value for VBE2n may be estimated. From Figure 15 it is
evident that vceln = vbe2n. The collector-to-emitter AC voltage swing of T 1
vcelrisquite small so that VCE1 may be selected at some constant nominal
value such as 1. 0 v which assures that T 1 remains out of the saturation
region at all temperatures. As in Part 1, a practical procedure for selecting
VRIn is to compute and compare complete designs for several values.

With ICn and RC calculated, the amplifier design proceeds in a manner
directly analogous to the approach of Part 1. Considering the saturation,
cut-off, and feedback refinements of Part 2, the design of the cascode
amplifier again proceeds in a directly analogousmanner with the advantage
that the saturation Vo and cut-off Io offset values may be reduced for the
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common base connection. Tolerances may be treated in a fashion similar

to the procedure of Part 3' and temperature compensation follows the pattern
of Part 5. On the basis of simplicity, flexibility and performance, it appears
that the cascode circuit of Figure 15 may be considered as a general replace-
ment of the common emitter amplifier of Figure 8 in micropower applications.
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SECTION 3 - AMPLIFIER PERFORMANCE

In this section typical experimental and calculated results based on the
characterization data of Section 1 and the design theory of Section 2 are pre-
sented. Table V shows the detailed design and performance of five selected
micropower amplifiers which illustrate the major features of Section 2. The
assumed initial constraints are indicative of what might be expected from a
high performance micropower amplifier. The' data indicate that useful oper-
ating characteristics can be, achieved at micropower levels and that the agree-
ment between calculated and measured performance appears to support the
design theory of Section 2.

Figure 16 illustrates the temperature behavior of the DC operating
point of the circuits of columns 1 and 2 of Table V. As indicated in Table V,
the agreement between predicted and measured performance at the operating
temperature limits appears acceptable, while Figure 16 shows that inter-
mediate performance is also well behaved.

The temperature variation of the total percent amplitude distortion %
D in the output waveform of the amplifiers of columns 1 and 2 of Table V is
illustrated in Figure 17. The measured peak output voltage V2 was main-
tained at a constant value for all temperatures. The total distortion is rather
large for two reasons. First, the variation of the forward current transfer
ratio hfe with IC is quite pronounced at microampere current levels as illus-
trated by Figures 1 and 4. Near the maximum in the hfe versus IC curve,
which occurs typically in the milliampere range, hfe varies much more
slowly. The second reason for the large distortion is the fact that the source
internal impedance, Rg=50Kfl , used in gathering the data for Figure 17 is not
the optimum value for minimizing the combined input and transfer distortion
of the transistor. Due to the monotonic increase in hfe and decrease in hie
with increasing IC at microampere current levels, current source signal,
which completely eliminates input distortion, results in the smallest total
% D. For example, by increasing Rg from 50K. to 500Kl. , the room
temperature distortion in the first amplifier (Re=O) with VL=O. 18v is reduced
from 16% to 13%. Figure 17 shows that a 50% reduction in the actual peak
output voltage from 0. 6 VL=O. 18v to 0. 3 VL=. 09v causes a nearly equal
percentage reduction in distortion. This response supports the anticipated
result for the design procedure that primarily input and transfer character-
istic nonlinearities in the active region rather than more sharply defined
saturation and cut-off limits cause the distortion. The increased distortion
at low temperatures and small collector currents is due to the more rapid
rate of change of hfe with IC which occurs under these conditions. The usual
reduction in distortion provided by degenerative feedback is readily apparent
in Figure 17 for the curves of the second circuit where Re= 3 . 89KZ.

Figures 18 and 19 indicate the variations of mid-band power gain G
and input impedance R with temperature for the amplifiers of columns 1,
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2 and 4 of Table V. The pronounced temperature sensitivity of the AC ter-
minal characteristics of the two noncompensated ( )'Z3= 1. 0) micropower
amplifiers is evident. For the amplifier without feedback, G increases by
4. 7 db from 23. 3 db to 28. 0 db and Ri increases 274% from 106K1. to 290K.
for -50 T e. 100 0 C. In the feedback case, temperature variations are some-
what reduced since G increases with temperature by 3. 4 db from 19. 6 db to
23. 0 db and Ri increases 257% from 192KFn to 494KQ from -50 K-T!100 0 C.
The variation of power gain with temperature is due primarily to changes in
current gain Ai , which are in turn due to hZle, since voltage gain Av as
defined in Table IV remains relatively constant for both Re=O and 3. 89Kf..
The variation of Ri is caused mainly by the variations of hu 1e and hZleRe
which are in turn also due to hZle since hlle.h21ehl lb.

Figures 18 and 19 also show that the temperature compensated amplifier
of column 4 of Table V, with Re= 4 . 4ZK12 and 7'23=0. 28, can provide quite
useful values of G and Ri which are virtually unchanged for -50 ! T :1000 C.
This pronounced temperature insensitivity can be achieved by the simple
expedient of using a resistor-thermistor combination for R2 and R3 . In
addition, it is highly predictable as the data of Table V indicate.

The influence of the DC external emitter feedback voltage VRIn at the
nominal temperature Tn and the dynamic range constant Kx = Ky = K on the
performance of a micropower amplifier is illustrated by Figures 20 and 21.
Figure 20 indicates that for a given K there is an optimum range of values
of VRln for which upper temperature power gain Gx is essentially a maximum
and upper temperature power drain PDx is essentially a minimum. For
K=0. 7, this value of VRIn is approximately 1. 40v. For small VRln, the
fall-off of Gx and the increase in PDx are due to the small values for R2 and
R 3 which accompany small VRln. For large VRln, increasing IC and de-
creasing RC degrade the performance. As K decreases, the curves show the
desirable results that Gx increases and PDx decreases. However, smaller
values of K imply a smaller dynamic range for the amplifier at its tempera-
ture limits, Ty and Tx , as well as a larger operating point drift. It is ap-
parent from the Gx and PDx curves that high performange circuit designs
are more easily obtained at lower K values where the value of VRln is not
so critical.

Figure 21 illustrates the dependence on VRln of upper temperature
input impedance Rix and output impedance Rox. For a constant K, small
VRIn cause low values of Rz and R 3 and therefore low values of Rix. The
fall-off of Rix at large VRln is due to the small values of R 3 necessary to
maintain the required base voltage as well as a smaller hllex due to larger
ICx values. Rox decreases monotonically with VRln due to decreases in RC .
The increase of Rix with decreasing K is due to the greater operating point
drift which accompanies smaller K and permits larger R 2 and R 3 . The
decrease of Rox with increasing K is due to the smaller RC values caused
by the increases in VRln required to maintain the tight DC stabilities
associated with larger K values.
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The effect of resistor manufacturing tolerances on the design and per-
formance of a typical linear broadband micropower amplifier is indicated in
column 3 of Table V. The measured results were achieved using two 10%
worst case design circuits whose resistor values were deliberately chosen
to be at their worst values at Ty= -50 0 C and at Tx= +100oC as noted in
Table II. The agreement between calculated and measured performance
indicated in Table V appears to substantiate the worst case design theory of
Part 3 of Section 2.

In Table VI the calculated effects of tolerances .in the values of R 1 , R2 ,
R3 and RC on the design of a micropower amplifier are indicated in detail.
The minimum power 0% tolerance (6 R=O, 6 CR=0) design with K=0. 5 cor-
responds to the circuit of the first column of Table V while the 6 R=0. 10,

6 CR=0 design corresponds to the circuit of the third column. It is quite
evident from Table VI that the relatively loose DC operating point stability
associated with K=0. 5 permits large values of R 2 and R 3 when R=0. Con-
sequently, the reductions in R2 and R 3 necessary to combat worst case
tolerances up to 10% and above are readily possible with little increase in
total power dissipation. This fact is also illustrated by the SR=0. 02,
K=0. 5 and S R=0* 02, K=0. 7 curves of Figure 22. Therefore, the worst case
K=. 5 calculated results of Table VI and Figure 22 indicate that by permitting
a sufficiently loose DC stability micropower amplifiers can readily be de-
signed to accept 10% worst case resistor tolerances and maintain a reason-
able (one half full range) dynamic range for a 150 0 C temperature change.
As indicated by the lower portion of Table VI containing the minimum power
designs and Figure 22, -by adjusting the value of VRln it is possible to mini-
mize the power drain of a circuit designed with a given resistor tolerance
margin. (It should be noted that the worst case conditions assumed in Part 3
of Section 2 which form the basis for column 3 of Table V as well as Figure 22
and Table VI, are indeed more severe than any physically realizable set of
tolerances. The reason for this, obviously, is that any given circuit can
have either one but not both the worst set of tolerances for ICy and VCEx ,

as indicated in Table II. Consequently, the design theory for resistor
tolerances is highly conservative. )

In microelectronic integrated circuits where the resistors are fabricated
by batch processes such as evaporation of thin films of metals or diffusion of
impurities into silicon substrates, it is frequently the case that the absolute
resistor values exhibit wide tolerances but the relative values or ratios of
the resistors to each other are virtually constant. Such constant ratio toler-
ances are not as severe as true worst case tolerances, and a comparison of
the minimum power worst case and constant ratio designs of Table VI shows
this fact. A linear micropower amplifier can withstand worst case tolerances
of 2% or S R=0 ' 02 combined with constant ratio tolerances of 20% or CR=O. 20
and larger as indicated by Table VI and Figure 22. With regard to the physi-
cal realizability of the constant ratio tolerances assumed in the calculation
for Table VI, the remarks of the previous paragraph again apply.
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Columns 1 and 5 of Table V and Figures 23 through 26 provide a com-
parison. of the vital features of the basic common emitter amplifier and the
cascode amplifier with improved frequency response. Figure Z3 shows that,
for typical circuits of equal maximum output power capability, the power
drain of a cascode amplifier is less than twice the drain of a common emitter
amplifier. Figure 24 shows that the power gain of a cascode amplifier suf-
fers only a slight reduction of about 0. 5 db compared with the common emit-
ter amplifier. Figure 25 illustrates the key advantage of the cascode stage
which is a five-to-ten time increase in cut-off frequency compared with a
common emitter stage. An overall measure of the comparative performance
of the common emitter and cascode amplifiers is indicated in Figure 26. The
gain-bandwidth product divided by power drain provides a Figure of Merit
which indicates the overall superior performance of the cascode amplifier.

It is evident from Figures 23 through. 26 that the principal advantage
of the cascode amplifier is its comparatively large bandwidth. In practice,
stray-circuit capacitances which are neglected in Figures 23 through 26
severely degrade this bandwidth. For example, the stray capacitances pre-
sent in the relatively crude experimental circuits on which Table V is based
were larger than the transistor capacitances which-are comparable to those
of device D. In order to determine the device limited frequency potential of
the circuits, stray circuit capacitance was neglected in the calculated per-
formance and the measured performance data were corrected for the effects
of stray circuit capacitance. To illustrate the significance of this correction,
the.directly measured or uncorrected bandwidths of the amplifiers of columns
1 and 5 of Table V were 15 KC and 50 KC respectively at room temperature.
If these results are corrected to remove the influence of measured stray
circuit capacitances, the corresponding bandwidths are about 25 KC and
120 KC, respectively, at room temperature. Consequently, it is apparent
that the latest advances in microelectronic packaging techniques are neces-
sary in order to properly exploit present micropower transistor capabilities
and approach the predicted behavior of Figure 25.
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CONCLUSIONS

Thisreport provides a rather comprehensive discussion of the static
and dynamic design and performance of micropower transistor broadband
linear amplifiers. The initial consideration in an amplifier design is the
characterization of a micropower transistor. The salient features of the
micropower transistors described in Section 1 are:

1. Junction reverse currents less than one nanoampere at room
temperature.

2. Forward current transfer ratios, hFE and hfe, greater than 50 for
collector currents of 1 to 10/"Aa.

3. Increased sensitivity of the DC forward current transfer ratio hFE
and the fourpole parameters h 1 le and, h2le to quiescent collector current and
temperature changes.

4. A relatively limited gain-bandwidth product fT"

5. A simple hybrid pi common emitter small-signal equivalent circuit
essentially consisting of the junction barrier capacitances, CTe and CC , the
diffusion. resistance, rb'e, and the output current generator gmVble .

Assuming that constraints exist on the supply voltage, load impedance,
output voltage swing, operating temperature range, DC power drain and
bandwidth of a micropower amplifier, suitable designs can be generated by
means of the procedure outlined .in Section 2. With regard to DC design,
operating point stabilization is affected by: 1) ICBO which may be comparable
to IB , if not I C , at temperatures of 100 0 C and above; 2) increased tempera-
ture sensitivity of hFE; and 3) large temperature induced changes in VBE.
Large-signal AC design is critical' due to the restricted dynamic range im-
posed by microampere collector currents and low collector voltages. In this
connection, DC operating point drift, saturation and cut-off effects in the
transistor and both transistor and resistor tolerances must be considered.
Small-signal AC performance is adversely affected by the limited gain-
bandwidth product of micropower transistors as well as the increased tem-
perature sensitivity of their small-signal fourpole parameters.

A key element in the micropower amplifier design procedure of Section 2
is the simple but rather rigorous approach used to unify the DC and large-signal
AC design of an amplifier. Subject to initial constraints, the procedure yields
an optimum circuit design in that it: 1) provides a specified output power ca-
pability over the design temperature range, 2) minimizes amplifier power
drain, and 3) maximizes amplifier power gain. An additional feature of the
design procedure is its adaptability to a worst case treatment of the effects
of saturation and cut-off in the transistor and manufacturing and aging toler-
ances in all circuit elements.
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In the small-signal analysis and design of broadband micropower ampli-
fiers, a unilateralized hybrid pi transistor equivalent circuit can be utilized.
Pronounced temperature variations in amplifier low-frequency AC terminal
characteristics may be accurately compensated by means of a combination of
emitter degenerative feedback and temperature sensitive base voltage-divider
resistors. The bandwidth of common emitter micropower amplifiers is
limited by the Miller Effect capacitance and may be enhanced by increased
transistor quiescent current and by employing common emitter - common
base cascode circuits to reduce the Miller capacitance multiplier. Thi.s later
technique may be widely used to extend the bandwidth of micropower circuits
without sacrificing gain or additional power drain.

On the basis of the results described in this report, it is evident that
the principal obstacle to be overcome in the application of micropower
transistors in portable military communications equipment is the limited
gain-bandwidth product of micropower devices and circuits. In order to
improve device and circuit frequency response, transistor junction capaci-
tances, header capacitances and stray circuit capacitances must be reduced
by at least an order of magnitude to about 0. 1 pf. The accomplishment of
this objective does appear feasible if the latest advances in microelectronic
device fabrication and packaging are brought to bear on the problem. Further
reductions in transistor active region lateral dimensions, perfection of sur-
face passivation techniques in order to obviate current package forms and
development of passive parts and interconnections with dimensions compar-
able to the transistor are the principal necessary steps toward practical
micropower communications circuits and equipments.
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APPENDIX 1

The general expressions for the base voltage divider resistors R2 and
R3 considering the combined effects of manufacturing and aging tolerances
and temperature variations in the transistor, resistors and supply voltage
are

V~~a 1 Rl+dl)+q ( rR +b R +s)
3 t3 -3 ?'3 (cZRi+b 2 ) (a

R 3(O 1R1IEY+VBEy
an cc20 vVCCGVBEyO R1I Ey03 R 3 1By] Za

where a

I VB Z' vB VBEYlk3Ix 1Ot3#2 ?2k ~
2 2 By -Bx 42)Z-x By

b3  1~ 1Ey VBEx +0.l "Ex VBEy

c Jl y x ' P x 'y

2 CC v 3 YBEx ()3102Z'v r'Zv BEy

r C1i rIEX IEY

S BEx VBEy

a nd = (1+ R+~G)P ' 8 1~R

2 = (1RZ+ JC) 192 = (1+3 RZ- CR)

OL 3(1= R3+ CR) IO3 =(1- a 3 4 CR)

O(v= (v) V=(ISv

R at T R Rat T
i R at T j3 R at T

R 2 at Tx -c at Tx
f2 R 2 at T y v V c at T

In the preceding expressions:

a) R l' S RZ and R3represent the worst case resistor
manufacturing and aging tolerances.
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b) J CR represents the constant ratio resistor manufacturing and

aging tolerances.

c) v represents the worst case supply voltage tolerance.

d) 'v 77 and k3 represent the resistor temperature factors.

e) )v represents the supply voltage temperature factor.

As examples of the evaluation of (la) and (2a):

a) For ±- 5% worst case resistor manufacturing and aging tolerances

SRl = 'R2 = 'R3 = 0.05, 0% constant ratio tolerance 4 CR = 0, 0% supply
voltage tolerance 'r v = 0 and no resistor or supply voltage temperature
variation, 1 = ., 2 = )3 = ?v = 1.0.

b) For + 2% worst case resistor manufacturing and aging tolerances

RI = R2 = R = 0. 02, ±_ 10% constant ratio resistor manufacturing and
aging tolerancej Cp = 0. 10,' ±5% supply voltage tolerance Sv = 0. 05, a
20% increase in all resistor values over the design temperature range

1 1 = 3 = 1. 20 and a 5% decrease in the supply voltage over the
design temperature range ?V = 0. 95.

In certain cases where temperature behavior is predictable, indicated
in Part 5 of Section 2, it is advantageous to treat resistor manufacturing and

aging tolerances separately from temperature variations via the temperature
factors )i, ?Z , ) 3 , , . and "v" If the sign of a temperature variation is

unknown, the magnitude must be included in S in the worst case analysis.
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APPENDIX 2

In the case where Re 'A 0, the current and voltage gain of the circui

Figure 8 are given by

iz _,n g z b 'I
1- - Re+(~m~)be b'

il Re + (1+gmR)zble + j) [Re+( l +gmRe) zb'e+gmRLzb'e) (C CC
R23 '

v - g m z WeRC ZL

and V1  Re+Z 1 (1+gnRe) RC+ZL (4a)

where zbe rble and ZL RL

w +j rble(Cbte+Cbles ) l+jG0RLCces



APPENDIX 3

When the temperature compensation technique of Part 5 of Section 2 is
utilized in an amplifier design, the AC output voltage swing,which is specified
for the design, may be achieved as described below.

Assuming the temperature compensation constraints given by (Z. 47)
through (2. 51), the design proceeds as described by (2. 15) through (2. 20) of
Part 2 of Section 2. If Ky is selected, Icy is determined by (2. 21). From
this, (2. 51) gives ICx for the temperature compensated design. Therefore,
(Z. 10) yields VCEX and (Z. 22) then specifies the Value of Kx which accompa-
nies the compensated design. If this value of Kx does not provide a suitable
output voltage swing, another value for VRIn should be selected in (2. 19)
and (2. 20) which will yield a new value for Kx . (An alternate approach is to
select several values for Kx = K7 until (2. 51) is satisfied.) R Z and R3 may
then be computed from (la) and (2a) of Appendix I where all Q's,A 's, and

's are unity except ? 2= ?3 = 1'23. Finally, the Re required for AC com-
pensation may be computed from (2. 48).

It is important to note that in computing ICn and RC from (2. 19) and
(2. 20), a value was selected for VRen which, in effect, determined
Re = Ren/(ICn - Io). If this latter value of Re is greater than the value
required by (2. 48), the value given by (2. 48) should be used and the excess
amount should be included in R1 to be bypassed by C 1 . In this way the AC
dynamic range will be increased somewhat over the design value, and the
desired AC compensation will be affected.

If the value of Re computed from (2. 48) is greater than the value
effectively assumed in (2. 19) and (2. 20), the recommended procedure is to
return to (Z. 19) and (Z. 20) and increase the selected value of VRen and
therefore Re in order to precipitate the situation described in the previous
paragraph.
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Figure 2 - Base Characteristics for Common Emitter Configuration; base
current IB versus base-to-emitter voltage VBE for various
operating temperatureb T.
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Figure 7 - Base-emitter junction capacitance CTe versus base-to-emitter

voltage VBE and base-collector junction capacitance CC versus

collector-to-base voltage VCB for various temperatures.
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